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Abstract: The innate immune system plays an important role as a first response to tissue 
injury. This first response is carried out via germline-encoded receptors. Toll-like receptors 
(TLRs) are the first identified and best studied family of pattern recognition receptors. TLRs 
are expressed on a variety of cell types, including epithelial cells, endothelia, dendritic cells, 
monocytes/macrophages, and B- and T-cells. TLRs initiate innate immune responses and con- 
currently shape the subsequent adaptive immune response. They are sensors of both pathogens, 
through the exogenous pathogen-associated molecular patterns (PAMPs), and tissue injury, 
through the endogenous danger-associated molecular patterns (DAMPs). TLR signaling is 
critical in defending against invading microorganisms; however, sustained receptor activation is 
also implicated in the pathogenesis of inflammatory diseases. Ischemic kidney injury involves 
early TLR-driven immunopathology, and the resolution of inflammation is needed for rapid 
regeneration of injured tubule cells. Notably, the activation of TLRs also has been implicated in 
epithelial repair. This review focuses on the role of TLRs and their endogenous ligands within 
the inflammatory response of acute kidney injury. 
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Introduction 

All living organisms are constantly exposed to microorganisms that are present in the 
environment and need to cope with invasion of these organisms into the body. The 
vertebrate immune response can be divided into innate and acquired immunity. 

Phylogenetically conserved, the innate immune system is present in almost all 
multicellular organisms. This first line of defense is performed via germline-encoded 
receptors expressed by macrophages, lymphocytes, dendritic cells, monocytes, neutro- 
phils, and natural killer cells, among others. 1 Acquired immune responses, by contrast, 
are slower processes mediated by T- and B-cells, both of which express highly diverse 
antigen receptors that are generated through the deoxyribonucleic acid (DNA) rear- 
rangement and are, thereby, able to respond to a wide range of potential antigens. This 
highly sophisticated system of antigen detection is found only in vertebrates and has 
been the subject of considerable research. Far less attention has been directed toward 
innate immunity, as it has been regarded as a relatively nonspecific system with its 
main roles being to destroy pathogens and to present antigen to the cells involved in 
acquired immunity. 

Recent studies, however, have shown that the innate immune system has a greater 
degree of specificity than was previously thought and that it is highly developed in its 
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ability to discriminate between self- and foreign pathogens. 1 
This discrimination relies, to a great extent, on a family of 
evolutionarily conserved receptors, known as the toll-like 
receptors (TLRs), which have a crucial role in early host 
defense against invading pathogens. 12 

Furthermore, accumulating evidence indicates that acti- 
vation of the innate immune system is a prerequisite for the 
induction of acquired immunity, particularly for the induction 
of aT helper 1 (THl)-cell response. 3 - 4 

This review summarizes the present data regarding the 
role of TLRs and their endogenous ligand activation in the 
course and development of acute kidney injury (AKI). 

TLRs 

The TLRs were discovered more than a decade ago as sentinel 
receptors for the mammalian innate immune system. The 
susceptibility to fungal infection in toll-deficient Drosophila, 
demonstrated by Lemaitre et al, 5 led to the discovery of TLRs 
in humans in rodents. TLR are mammalian homologues of 
the Toll receptor, first described in Drosophila. 6 - 1 The TLRs 
are among a growing number of receptors that detect danger 
signals in extracellular and intracellular compartments. 

Several TLRs were identified and observed recognizing 
a wide range of pathogen-associated molecular patterns 
(PAMPs), including peptidoglycan, lipopolysaccharide 
(LPS), CpG DNA, and double-stranded or single-stranded 
ribonucleic acid (RNA) derived from microorganisms. 8 In 
response, it triggers an inflammatory cascade that includes 
activation and maturation of dendritic cells. Dendritic 
cells are the most potent antigen-presenting cells of innate 
immunity. 9 The TLR-activated dendritic cells induce naive 
T lymphocytes to mature into antigen-specific effector T-cells, 
particularly of the TH1 lineage. 2 Thus, TLRs link innate and 
adaptive immune responses, both of which are critical to host 
defense against pathogens. TLRs are also implicated in the 
pathogenesis of several inflammatory diseases, including 
kidney diseases. 8 

Endogenous molecules that are generated during tissue 
injury and labeled as damage-associated molecular pattern 
molecules (DAMPs) can also activate pattern recognition 
receptors similarly to PAMPs, thereby offering a novel 
understanding of sterile types of inflammation. 10 

Intracellular sources can originate DAMPs or they 
can be generated from extracellular matrix degradation. 
DAMPs might be generated and released during cell stress, 
apoptosis, or necrosis due to traumatic, ischemic, toxic, or 
inflammatory tissue injuries. It is likely that DAMPs func- 
tion as danger signals and that DAMP-mediated immune 



activation developed during evolution to aid danger control 
and tissue repair. If such a process escapes the normal control 
and/or suppression of an adaptive immune response to 
endogenous molecules, the recognition of PAMP and DAMP 
by receptors of the innate immune system could contribute to 
an autoimmune response. 11 In particular, increasing evidence 
suggests that endogenous ligands activate TLRs, resulting 
in the antigen-independent inflammation that accompanies 
ischemic AKI, solid organ transplant rejection, and immune- 
mediated glomerulonephritis. 8 

TLRs: structure and basic role 

Up to now, eleven human and 13 mouse TLRs have been 
identified. All are structurally similar, highlighting - in terms 
of evolution - that this is an ancient system for immune 
protection. TLRs are transmembrane receptors, type I integral 
membrane glycoproteins. They contain a cytoplasmic domain 
named the toll/interleukin (IL)-IR (TIR) domain because of 
sequence homology with the IL- 1 receptor (IL- 1 R). 8 By con- 
trast, the extracellular region of the TLRs and IL- 1 Rs differs 
markedly. The extracellular region of TLRs contains leucine- 
rich repeat (LRR) motifs; whereas, the extracellular region of 
IL-IRs contains three immunoglobulin-like domains. 12 

TLRs are divided into two categories, according to their 
localization: 1) those found in the cell surface membrane 
(TLR1 , TLR2, TLR4, TLR5, TLR6, TLR10, TLR1 1 , TLR12, 
and TLR13); and 2) those found primarily on endosome 
membranes (TLR3, TLR7, TLR8, andTLR9), these last three 
TLRs are involved in the recognition of nucleic-acid-like 
structures. The most recently discovered member of the 
TLR family, TLR- 15, has been associated with recognition 
of Salmonella components. 8 

Compartmentalization between different types of TLRs 
varies. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR 10 are 
anchored on the cell surface and are capable of recognizing 
PAMPs and DAMPs derived from invading pathogens or 
the host, while TLR3, TLR7, TLR8, and TLR9 are local- 
ized inside the cell, primarily sensing viral, bacterial, or 
host-derived nucleic acids in endosomes. 13 The recognition 
of a plethora of PAMPs and DAMPs by the ancient family 
of TLRs lies in their diversity (13 in mammals) and their 
ability to form homodimers or heterodimers induced by the 
simultaneous binding of ligands to residues within LRRs. 14,15 
Upon stimulation, TLRs recruit adaptor molecules. 

TLR expression 

TLRs are found on a variety of cell types, including epithelial 
cells, endothelia, dendritic cells, monocytes/macrophages, and 
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B- and T-cells. 16 Each cell type may express only a limited 
number of TLRs. For example, plasmacytoid dendritic cells 
are a specialized cell population that produces large amounts 
of type I interferon (IFN), in response to the viruses' expres- 
sion of TLR7 and TLR9, but not other TLRs. 17 

In the kidney, the tubular epithelial cells and mesangial cells 
express TLR1 through TLR4 and TLR6. 18 The TLR2 protein 
expression has been demonstrated in many cell types in the 
kidney, including renal tubules of the outer stripe of the medulla, 
glomeruli, and in the renal vasculature. There are similarities 
in the pattern of protein expression in humans and mice. Data 
on the TLR expression in podocytes and other glomerular 
components are sparse, although a constitutive TLR2 staining 
in glomerular capillary endothelial cells has been shown. 19 Most 
TLRs reside on the cell surface, except TLR3 andTLR7 through 
TLR9, which are found intracellularly to encounter ligands in 
endosomes or lysosomes. The wide distribution of TLRs in dif- 
ferent tissues, cells, and subcellular compartments allow them to 
be well-positioned as sentinels against invading pathogens. 8 

TLRs signaling pathways 

The cytosolic domains of TLR recruit adaptor proteins and 
initiate signaling pathways in response to ligand binding 
(Figure 1). Five adaptor proteins have been discovered: 



1) myeloid differentiation factor 88 (MyD88); 2) MyD88 
adaptor-like (MAL, also known as TIRAP); 3) TIR domain- 
containing adaptor protein-inducing IFN- (3 (TRIF, also 
known as TICAM1); 4) TRIF-related adaptor molecule 
(TRAM, also known as TICAM2); and 5) sterile a and 
armadillo motif-containing protein. 

According to the recruited adaptor molecules, TLR1, 
TLR2, TLR7, and TLR9 signaling is achieved through the 
MyD88 pathway, TLR3 signals through the TRIF pathway; 
whereas, TLR2 and TLR4 recruit MyD88 through MAL/ 
TIRAP. TLR4 also engages TRIF through TRAM. 8 - 20 Once 
stimulated, the MyD88-dependent pathway leads to the acti- 
vation of the nuclear factor kappa-light-chain-enhancer of 
activated B-cells (NF-kB) mitogen-activated protein kinase 
and IFN regulatory factor pathways of inflammation, cell 
growth, and differentiation. The TRIF-dependent pathway 
also activates NF-kB with delayed kinetics and addition- 
ally induces IFN regulatory protein 3, a transcription factor 
necessary for production of type I IFN. TLR1 , TLR2, and 
TLR6 contain a phosphatidylinositol 3-kinase (PI3K) bind- 
ing motif 1 and activate NF-kB through PI3K independent 
of MyD88. Both MyD88 and TRIF pathways can also lead 
to cell apoptosis by activating Fas-associated protein with 
death domain and, finally, caspase. 8 - 21 - 22 
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Figure I TLR and their major signal adaptors. 

Notes: Adaptor proteins: MyD88; MyD88 adaptor-like (TIRAP); TIR-domain-containing adaptor protein-inducing IFN-p (TRIF). 

Abbreviations: LPS, lipopolysaccharide; TLR, toll-like receptors; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B-cells; MyD88, myeloid differentiation 
factor 88; IFN, interferon; ssRNA, single strand ribonucleic acid; dsDNA, double-strand deoxyribonucleic acid; dsRNA, double-strand ribonucleic acid; IRF, IFN regulatory 
factor; TRAM, TRIF-related adaptor molecule. 
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The specificity of the TLRs function is determined by 
the selective use of these intracellular adapter molecules. 
Combinations of TLR ligand, cell type, receptor, and adaptor 
protein lead to different signaling pathways that result in a 
diverse range of cellular responses - all of which support a 
strong innate immune response. 

TLR ligand signals 

Response to foreign and endogenous 
danger signals 

The immune system activation in response to foreign patho- 
gens is recapitulated in an immune response to endogenous 
molecules released from necrotic and perhaps apoptotic cells 
after tissue injury or trauma related to hypoxia, ischemia, 
mechanical stress, or pathogen-induced inflammation. 
A variety of activators, including DNA, RNA, lipids, and 
peptide products from bacteria, viruses, fungi, and syntheti- 
cally derived compounds are involved in the TLR response. 23 
LPS, the best characterized ligand, is the cell wall compo- 
nent of gram-negative bacteria that plays a prominent role 



in the pathogenesis of sepsis. LPS activates TLR4, and this 
interaction contributes to the inflammation that characterizes 
LPS-inducedAKI. 8,24 

The TLR agonist's identity has grown after the inclusion 
of the endogenous ligands. Dying cells release endogenous 
molecules (DAMPs) and activate cellular receptors leading 
to downstream inflammation (Figure 2). They are recognized 
as danger signals when released into the extracellular space 
exposing hydrophobic portions of the molecules that are 
normally hidden in healthy living cells. The high mobility 
box group 1 (HMGB1) nuclear protein, hyaluronan, and 
heat-shock proteins are included as endogenous ligands; 25,26 
these molecules activate TLRs. 

The traditional concept of immune surveillance as self/ 
nonself discrimination (the stranger hypothesis) assumes that 
the foreignness of a particular entity is what triggers both the 
innate and adaptive response. In contrast, the danger model 
holds that the immune system is governed from within, 
responding to endogenous signals that originate from stressed 
or injured cells. 27,28 The danger model assumes - from an 
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Figure 2 Danger and stranger models. 

Notes: (A) Infections of pathogenic bacteria or viruses cause release of PAMPs that bind to PRR, such as TLRs, on immune cells and stimulate an innate immune response 
that is accompanied by inflammation, activation of adaptive immunity, and eventually processes to resolve the infection and allow for tissue repair. (B) The dangers model 
recognizes that similar events occur when cells are stressed or injured and that necrotic cells release molecules that are normally hidden within the cell. In the extracellular 
space, these DAMPS can bind to TLRs or to specialized DAMP receptors to elicit an immune response by promoting the release of proinflammatory mediators and recruiting 
immune cells to infiltrate the tissue. The immune cells that participate in these processes include APC, such as dendritic cells and macrophages, as well as T-cells and PMN. 
Republished with permission of American Society of Nephrology, from Dangers within: DAMP responses to damage and cell death in kidney disease, Rosin DL and Okusa 
MD, 22{3), 201 I; 28 permission conveyed through Copyright Clearance Center, Inc. 

Abbreviations: PAMPs, pathogen-associated molecular patterns; PRR, pattern recognition receptors; TLR, toll-like receptor; DAMPS, danger-associated molecular patterns; 
APC, antigen-presenting cells; PMN, neutrophils. 
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evolutionary point of view - that what really matters is 
whether that entity causes damage or not. If it does not, and 
the cells in its environment are healthy or if they die normal 
quiet deaths and are scavenged, no immune response ensues. 
Only when a cell dies messily, or becomes stressed or dam- 
aged, is an immune response initiated. It does not matter if 
the damage is done by a pathogen or by an innate defect in 
the cell's programming. 

This basic difference leads to a different view of: 1) the 
origin of the signals; and 2) the nature of the cells that control 
immunity. The result is a quite different set of explanations 
for many aspects of immunity, as well as a different perspec- 
tive on the evolutionary origins of the immune system. 

Until now, there is more that needs to be learned about 
the role of danger signals in tissue injury. However, the para- 
digm shift in the traditional concept of immune surveillance 
as self/nonself discrimination (the stranger hypothesis) to 
the danger model, as proposed by Matzinger, 29 more readily 
explains a role for the innate immune system in AKI organ 
transplantation and autoimmune disease. 

Inflammatory response to AKI 

A mechanistic explanation of the development of systemic 
inflammatory responses across a broad spectrum of nonbacte- 
rial diseases has emerged with the discovery of components 
of the innate immunity against pathogenic bacteria-pathogen 
associated molecular patterns and pathogen-recognition 
receptors, and one of their major components, TLRs. This 
bacterial defense system can be hijacked by a host of mol- 
ecules, alarmins, that are usually released during inflamma- 
tion. This last process has been conceptualized by Matzinger 29 
as the danger model. 

Inflammation at the site of tissue injury is a hallmark of 
almost all forms of renal injury, and it is an important factor 
in the development of many kidney diseases. It has become 
clear that renal epithelium plays a crucial role in the attrac- 
tion of leukocytes upon injury, at least partially in a TLR- 
dependent manner. 30 TLR4, a member of the TLR family, is 
especially promiscuous with respect to potential ligands; it 
has been implicated in the pathogenesis of AKI. 31 

TLR signaling in ischemic 
kidney injury 

AKI results most commonly from ischemic/reperfusion (I/R) 
injury; and, although different mechanisms are involved, 
a common pathway leading to proximal tubule injury is 
the activation of innate and adaptive immunity leading to 
inflammation. Renal I/R injury is a major cause of morbidity 



in both allograft and native kidneys, and it is most commonly 
associated with either transplant or trauma, leading to poor 
clinical outcome. 32 

A robust inflammatory response - triggered by hypoxia 
and by the process of reperfusion - determined the outcome 
of the ischemic organ. After necrotic death, intracellular mol- 
ecules may find their way into the extracellular space and there 
recruit and regulate the inflammatory infiltrate. Characterized 
by the presence of inflammatory cytokines and chemokines, 
this inflammation process also includes increased expression 
of adhesion molecules and recruitment of leukocytes into the 
postischemic kidney. The major factors in regulating inflam- 
mation are necrotic and apoptotic cells. There is also strong 
evidence that TLR2 and TLR4 participate in this process. 

Kim et al 33 were the first to show the gene and protein 
expression upregulation of TLR2 and TLR4 in rat kidney 
tissues after reperfusion in ischemic injury. TLR2 andTLR4 
are constitutively expressed in both proximal and distal 
tubules, the thin limb of the Henle loop, and in the collecting 
ducts. Kim et al 33 also showed that, in fact, the expression 
of these receptors were upregulated in these areas post I/R. 
Wolfs et al 34 found that TLR2 and TLR4 are constitutively 
expressed in primarily proximal and distal tubule epithelial 
cells and in the epithelium of Bowman's capsule in healthy, 
wild-type murine kidneys. Both TLR expressions rapidly 
increased in ischemic kidneys, up to four- to five-fold over 
basal levels, especially in distal tubular epithelia, at day 5 
after ischemia. 34 

The role of TLR2 in injury using TLR2— /— and TLR2+/+ 
mice, TLR2 antisense oligonucleotides, and chimeric mice 
deficient in leukocyte or renal TLR2 were evaluated by 
Leemans et al. 31 After I/R injury in vivo, the TLR2 played a 
proinflammatory and detrimental role, supported by the results 
of local cytokines, chemokines, and leukocytes reduction and 
the decreased renal injury and dysfunction in TLR2— /— mice 
compared with controls. An analysis of chimeric mice sug- 
gested that TLR2 expressed on renal parenchyma plays a 
crucial role in the induction of inflammation and injury. 

The constitutive TLR2 and TLR4 higher messenger 
RNA (mRNA) expressed by renal tubular epithelial cells 
(TECs) is enhanced upon renal I/R injury, being the activity 
of these receptors strongly upregulated by the endogenous 
ligands. 35 

Together, these data suggest a potential role for renal 
TLR2 and TLR4 in the primary mechanism through 
which the kidney monitors renal injury and initiates and 
regulates inflammation. Indeed, TLR2 and TLR4 different 
effects were found in both infection models, 36 as in the 
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tissue injury models. 37 Because TLR4 can recognize other 
endogenous ligands than TLR2, they can use an alternative 
signaling cascade and do not hybridize with other TLR family 
members as TLR2 does; the functional significance of TLR4 
during tissue injury could be different from TLR2. 38 

The individual role of TLR4 on renal I/R injury was 
shown by Pulskens et al, 39 demonstrating the proinflam- 
matory role of TLR4, as shown by a reduced amount of 
infiltrating granulocytes and the chemokines in kidneys 
of TLR4— /— mice compared with wild-type mice. Since 
an exaggerated inflammatory response could lead to more 
severe tissue damage, this increased inflammation could 
explain why TLR4— /- mice showed less tubular injury and 
a more preserved renal function, compared with wild-type 
mice upon I/R injury. Epithelial and leukocyte-associated 
functional TLR4 contribute in a similar proportion to renal 
dysfunction and injury as assessed by bone marrow chimeric 
mice. No significant differences were found in renal function 
and inflammation in both MyD882/2 and TRIF-mutant mice 
when compared to their wild types, allowing the identification 
of TLR4 as a cellular sentinel for acute renal damage. These 
latest data were corroborated by studies from Shigeoka et al 19 
in TLR2 knockout mice. These animals were better protected 
against IRI compared to MyD88 knockout mice, indicating 
that TLR2-dependent, MyD88-independent pathways con- 
tribute to kidney injury. In contrast, Wu et al 40 in bone marrow 
chimeric mice studies demonstrated that TLR4 signaling 
through the MyD88-dependent pathway was required for 
the full development of kidney IRI, as both TLR4(— /— ) and 
MyD88(-/-) mice were protected against kidney dysfunction, 
tubular damage, neutrophil and macrophage accumulation, 
and proinflammatory cytokines release. 

Several renal endogenous ligand expressions increased 
after ischemia reperfusion injury, including biglycan, 
HMGB1 and hyaluronan, 41 providing evidence that one 
or more of these ligands may be the source of TLR4 
activation. 

Chen et al 42 confirmed the role of TLR4 in ischemic 
kidney injury using mice harboring spontaneous disabling 
mutations of the receptor and generated chimeras between 
TLR4(-I-) and TLR4(+/+) mice. The results of this study 
demonstrated the necessity of TLR4 in leukocytes, as well as 
in epithelial and endothelial cells, for the full-blown ischemic 
response and strongly suggest that the release of HMGB 1 
from injured epithelia and/or endothelia activates leukocytes 
to generate proinflammatory cytokines, further exacerbating 
the injury to ischemic kidneys. 41 The sequence of events 
proposed by Chen et al 42 ascribes to the release of HMGB 1 



from damaged epithelial and endothelial cells the role of 
a trigger for TLR4-induced activation of leukocytes and 
macrophages, which subsequently secrete proinflammatory 
IL-6. 42 In a recent study, neutralization of the extracellular 
HMGB1 released by damaged ischemic renal cells by the 
administration of blocking antibody to HMGB 1 conferred 
protection against ischemia and reperfusion. 43 

These recent findings provide an excellent platform for 
discussing the complexity of danger signaling in the devel- 
opment of AKI. 

TLRs and sepsis-induced 
renal failure 

TLRs role in sepsis-induced renal failure is not only limited 
to the recognition of exogenous PAMPs, but it extends to the 
recognition of local DAMPs produced during ischemic renal 
injury and the recognition of extrarenal DAMPs as circulat- 
ing products of extensive tissue injury in sepsis. The LPS 
derived from the cell wall of gram-negative bacteria continu- 
ously activates TLR4 in a pathogenic septic environment. 
Loss-of-function mutations in the TLR4 gene in mice are 
highly resistant to LPS-induced sepsis. 44 Bacterial sepsis and 
acute endotoxemia induce renal tubule malfunction. 45 The 
thick ascending limb may play a role in the innate immune 
response of the kidney. The TLR4 has been localized in the 
thick ascending limb. 46 

TLR4 expression in this segment is increased in response 
to sepsis and I/R injury and the thick ascending limb has been 
implicated in mediating inflammatory renal injury during 
these conditions. 46,47 Moreover, the medullary thick ascending 
limb (MTAL) has been identified as a site of cell damage and 
tubule dysfunction in response to microbial infection. HC0 3 ~ 
reabsorption is inhibited by LPS in the MTAL from either 
the basolateral or luminal cell surface through the activation 
of TLR4. 48 Although the underlying signaling mechanisms 
are different, HC0 3 reabsorption through the activation of 
an extracellular-signal-regulated kinase (ERK)-dependent 
pathway is decreased in the presence of basolateral LPS. 48 - 49 
In addition, basolateral LPS inhibits HC0 3 ~ reabsorption in 
the MTAL through the activation of a TLR4/MyD88/mitogen- 
activated protein kinase (MEK)/ERK pathway is coupled to the 
inhibition of sodium-hydrogen exchanger (NHE) 3. NHE3 has 
been identified as a target of TLR4 signaling in the MTAL. 

Thus, bacterial molecules can impair the reabsorptive func- 
tions of renal tubules through the inhibition of the exchanger 
NHE3 . 50 The ERK pathway links TLR4 to downstream modu- 
lation of ion transport proteins, and it has been suggested as 
a potential target for treatment of sepsis-induced renal tubule 
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dysfunction. In contrast, the lumen LPS inhibition of HC0 3 
reabsorption was unaffected by ERK inhibitors, but it was 
eliminated by PI3K inhibitors and Rapamycin, consistent with 
the activation of a PI3K-mTOR signaling pathway coupled to 
inhibition of NHE1. 51 Thus, the HC0 3 ~ reabsorption is inhib- 
ited by LPS in the MTAL through the activation of distinct 
TLR4-mediated signaling pathways in the basolateral and api- 
cal membranes. The molecular mechanisms that underlie this 
membrane-specific TLR4 signal specificity are undefined and 
have implications for the selective targeting of TLR4-induced 
inflammatory responses in epithelial cells. 48 - 51 

In addition to inhibition by Gram-negative LPS through 
TLR4, reabsorption of HC0 3 ~ by the MTAL is inhibited by 
gram-positive bacterial molecules through TLR2. The TLR2 
is expressed selectively in the basolateral membrane of MTAL 
cells, in contrast to TLR4, which is expressed in both basolateral 
and apical membrane domains. 49 - 52 The MTAL HC0 3 ~ reabsorp- 
tion is inhibited by bacterial lipopeptides and gram-positive 
bacterial cell wall structures (lipoteichoic acid and peptido- 
glycan) recognized by TLR2. Moreover, the inhibition by 
gram-positive bacterial components is additive to inhibition by 
basolateral LPS, due to theTLR2 andTLR4 agonists activating 
different cell signaling pathways. These findings have important 
implications for the pathogenesis of kidney dysfunction during 
polymicrobial sepsis, because they show that gram-negative 
and gram-positive bacterial molecules can act independently 
and additively to impair renal tubule function by activating 
different intracellular signals through different TLRs. 52 The 
separate effects of TLR2 and TLR4 ligands to alter renal tubule 
function are consistent with the distinct roles of these receptors 
in bacterial recognition, in which TLR4 is critical for defense 
against gram-negative infection through the recognition of LPS, 
and TLR2 plays a predominant role in detection and protection 
against gram-positive infection. 53,54 

Recently, Good et al 55 reported that TLR2 is required - 
along with TLR4 - for the response of the MTAL to gram- 
negative bacterial LPS. Their results showed the effects of 
basolateral LPS to activate ERK and to inhibit HC0 3 absorp- 
tion are dependent on both TLR4 and TLR2 and provide 
evidence of an association between TLR4 and TLR2. These 
findings reveal a novel requirement forTLR2 in LPS-induced 
TLR4 signaling and suggest that the interaction between 
TLR4 and TLR2 may play a role in mediating renal tubule 
dysfunction during sepsis. 55 

It has been reported that the recognition of LPS by TLR4 
is facilitated by the adaptor molecule CD 14 and that the bind- 
ing of MD2 (myeloid differentiation factor 2) in this complex 
is required forTLR4-LPS signaling. 56 - 57 Soluble CD 14 in the 



urine of patients exhibiting inflammation or sepsis increases 
sensitivity to LPS. Human proximal tubular epithelial cell 
death due to sepsis/inflammation showed characteristics of 
both necrosis and apoptosis, where necrosis was primarily 
attributable to LPS stimulation, while CD 14 was required 
for induction of renal cell apoptosis. 58 

In addition, fluorescent microscopy in the rat kidney 
showed that colocalization of TLR4 and CD 1 4 in renal tubu- 
lar cells and their expression patterns were markedly affected 
in response to sepsis. 46 LPS injection in pretreated rats with an 
antagonist of renal beta2-adrenoreceptor (modulator of LPS 
transport in the kidney), decreased creatinine clearance com- 
bined with a significant increase in the expression of TLR4, 
CD14, and tumor necrosis factor alpha. 59 Concurrently, 
soluble MD2 was found to be increased in the serum and 
urine of septic patients, and this molecule has been shown to 
increase TLR4 activation of the receptor in human embryonic 
kidney epithelial cells in response to LPS. 60 

Septic AKI is an important clinical syndrome character- 
ized by an abnormal hydroelectrolytic and acid base balance, 
and it is defined by the simultaneous presence of acute renal 
failure and sepsis. The understanding of the pathogenesis of 
septic AKI has been based on the behavior of serum and uri- 
nary markers of renal damage and from experimental animal 
model data. Different cell types and inflammatory mediators 
are involved in the pathogenesis of organ dysfunction second- 
ary to sepsis. 61 Furthermore, the innate immune response is 
responsible for the initial inflammatory actions in sepsis. As 
previously discussed the TLR activation in sepsis-induced 
renal failure is not only attributed to PAMPs, but it might 
account for recognition of circulating DAMPs produced 
subsequent to the extensive tissue injury in sepsis. 

Epidemic hemolytic uremic syndrome with diarrhea at 
presentation (HUS D+) is a major cause of AKI in children. 62 
Although Shiga toxin (Stx) is the main pathogenic factor and 
is necessary for epidemic HUS development, the experimen- 
tal and clinical evidence both suggest that the inflammatory 
response potentiates Stx toxicity. In fact, both bacterial LPS 
and polymorphonuclear neutrophils play a key role in the 
full development of HUS. Therefore, synergism between 
LPS and Stx2 has been demonstrated as a consequence of 
the enhancement of Stx2 renal toxicity. 63 

Recently, we investigated TLR4 surface receptor expres- 
sion on peripheral blood neutrophils and their ability to modu- 
late inflammatory cytokine release in patients 1 day, 3 days, 
and 10 days after HUS onset. The isolated leucocytes from 
the HUS-onset patients exhibited significantly higher mRNA 
TLR4 expression than the controls. Moreover, TLR4 protein 
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expression on neutrophils determined by flow cytometry was 
upregulated (Figure 3), driving dependent proinflammatory 
cytokine, tumor necrosis factor alpha, IL-8 increase, and 
decreased anti-inflammatory IL-10 release at HUS onset 
compared with patients with enterohemorrhagic Escherichia 
coli (EHEC) diarrhea and controls (Figure 4). 

Conversely, significant reduction of the neutrophil TLR4 
receptor expression and lack of cytokine-responsive element 
activation was shown in patients 3 days and 10 days after 
the HUS onset. These results suggest that TLR4 expression 
may be differently regulated on neutrophils. They could be 
dynamically modulated across the early development of HUS 
on neutrophils, resulting in the negative regulation preceded 
by TLR4 overactivation. 64 

TLRs and cell regeneration 

Ischemic injury of the kidney in humans results in tubular 
cell death and the clinical syndrome of acute tubular necrosis. 
Tubular cell injury peaks 2-3 days after injury and is followed 
by a repair phase in which proliferation of surviving tubular 
cells promotes tubule regeneration. A sterile inflammatory 
response that contributes to the extent of tubular cell damage 
is involved in AKI. 65 During the early phase of renal injury, 
leukocyte populations seem to be detrimental, because they 
promote cell death by apoptosis-releasing reactive oxygen 
species and activating caspases. 66 In sequence, tubular cell 
death by necrosis is the predominant trigger for this associ- 
ated inflammatory response, dying cells release intracellular 
molecules, such as HMGB 1 , histones, uric acid or adenosine 
triphosphate (ATP), that elicit immunostimulatory effects 

A B 



in the extracellular space, referred as DAMPs. 28 DAMPs 
activate a set of pattern recognition receptors, such as TLRs 
on renal parenchymal cells as well as in interstitial dendritic 
cells. 67 The subsequent innate immune response involves the 
transcription of numerous proinflammatory cytokines and 
chemokines, which initiate the influx of various immune cell 
subsets into the kidney, which contribute to the early ampli- 
fication of the inflammatory response and AKI by enhancing 
immune-mediated tubular cell death. 68 

In the ischemic injury, the inflammatory response is 
accompanied by the rapid influx of polymorphonuclear leu- 
kocytes, lymphocytes, and macrophages into the interstitium. 
Mononuclear phagocyte/macrophages are one of the major 
cell types that accumulates around tubules; 69 mononuclear 
inflammatory cells have been demonstrated in the vasa recta 
of the outer medulla. Macrophages exhibit a range of pheno- 
types; this phenomenon has been described as macrophage 
polarization or heterogeneity. It is the effector phenotype of 
the recruited macrophages rather than their presence alone 
that determines the extent of renal parenchymal injury as has 
been suggested in recent studies of other forms of immune- 
mediated renal injury. It has been proposed that inflammatory 
cells play a negative role. Interventions that could mitigate the 
initial inflammatory response by inhibition of the cytokine 
action, prevention of inflammatory cell homing, or depletion 
inflammatory cells, seem to decrease the degree of morpho- 
logic and functional injury in renal I/R. 70 

To limit overshooting immunopathology in sterile tissue 
injuries and allow tissue recovery, a number of counter 
regulatory mechanisms exist that mostly limit immune 
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Figure 3 TLR4 mRNA expression, RT-PCR (A) and protein expression determined by flow cytometry (B) on peripheral blood leukocytes from hemolytic uremic syndrome 
(HUS) patients, from patients with enterohemorrhagic Escherichia coli (EHEC) diarrhea and healthy controls. 

Notes: (A) Densitometric analysis of the relative concentration of TLR4 mRNA to (3-actin; mRNA showed a significant increase in TLR4 mRNA expression from patients at 
HUS onset versus controls (***P<0.00l) and versus patients with EHEC diarrhea ( ++ P<0.0l). Patients at HUS onset compared with patients 3 days from onset ( i 7 3 <0.05) and 
after 10 and 30 days from onset (++P<0.0l). (B) TLR4- positive neutrophils. Patients at HUS onset compared with 3 and 10 days from onset {+++P<0.00 1 ); compared with controls 
(***p<0.00l); compared with patients with EHEC diarrhea ( +++ P<0.00l). Reproduced from Valles PG, Melechuck S, Gonzalez A, Manucha W, Bocanegra V, Valles R. Toll-like 
receptor 4 expression on circulating leucocytes in hemolytic uremic syndrome. Pediatr Nephrol. 20 1 2;27(3):407— 4I5, 64 with kind permission from Springer Science and Business 
Media. Copyright ©20 1 I, IPNA. 

Abbreviations: TLR, toll-like receptor; RT-PCR, reverse transcription polymerase chain reaction; mRNA, messenger RNA; bp, base pairs; HUS, hemolytic uremic syndrome. 
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Figure 4 Plasma cytokine levels from patients within I, 3, and 10 days of hemolytic uremic syndrome (HUS) onset, from patients with enterohemorrhagic Escherichia coli 
(EHEC) diarrhea and healthy controls. Supernatants were collected and assayed by enzyme linked immunosorbent assay (ELISA) for tumor necrosis factor alpha (TNF-a) 
(A), interleukin 8 (IL-8) (B), IL-I0 (C), and IL-I2 (D) concentrations. 

Notes: (A) Increased serum TNF-a levels in patients at HUS onset compared with controls (***P<0.00 1 ), to patients with EHEC diarrhea (^P<0.0l) and to patients 
within 1 0 days after HUS onset ( f P<0.05). (B) Serum IL-8 levels in patients at HUS onset versus controls (*P<0.05) and patients with EHEC diarrhea vs controls (*P<0.05). 
(C) Decreased serum IL-I0 levels at disease onset in children with a former history of HUS versus controls (*P<0.05). Reproduced from Valles PG, Melechuck S, 
Gonzalez A, Manucha W, Bocanegra V, Valles R. Toll-like receptor 4 expression on circulating leucocytes in hemolytic uremic syndrome. Pediatr Nephrol. 20I2;27(3): 
407—4 1 5, 64 with kind permission from Springer Science and Business Media. Copyright © 20I I, IPNA. 



activation of intrarenal dendritic cells. 71 The phenotypic 
switching of intrarenal mononuclear phagocytes away from 
classically activated (proinflammatory) to alternatively 
activated (anti-inflammatory/proregeneratory) cells is nec- 
essary for recovery on AKI. However, the mechanisms by 
which macrophages are polarized to a trophic phenotype and 
promote tubular repair after ischemic injury have yet to be 
fully elucidated. 72 

Notwithstanding, surviving TECs enter the cell cycle 
within few hours on injury, a functional tubular recovery 
does not occur before the resolution of sterile inflamma- 
tion has occurred and the tubulointerstitial microenviron- 
ments become dominated by proregeneratory factors. 72 
These factors are provided in a paracrine manner by other 
surviving TECs, intratubular progenitor cells, or bone 
marrow-derived stem cells. 73 The process of repair begins 
with a marked increase in tubular cell proliferation that 
peaks on day 3 and slowly declines over the ensuing week. 
Most dividing cells are tubular cells, with approximately 
88% of the bromodeoxyuridine-positive proliferating cells 



expressing the proximal tubule marker megalin and 1% 
expressing the thick ascending limb marker Tamm-Horsfall 
protein. The remaining 10% was unclassifiable. Although 
dendritic cells and other immune cells play a dominant 
role in orchestrating the early injury phase of AKI, little is 
known about the contribution of intrarenal immune cells to 
the subsequent phase of kidney regeneration. 65 - 73 

Recently, Kulkarni et al 67 identified yet unknown prore- 
generatory properties of ILs, a family of leukocyte-derived 
mediators on TEC regeneration in AKI. They found the IL-22 
secretion to be selectively induced by TLR4 agonists released 
from necrotic tubular cells, which first documents a role of 
TLR signaling not only for renal immunopathology but also 
for kidney regeneration in vivo. Furthermore, these data imply 
that dying TECs involve interstitial dendritic cells to support 
their regeneration through a specific TLR4-IL-22 pathway. 
Moreover, the results from Kulkarni et al 67 allow to support 
the idea that the function of TLRs extends beyond host defense 
against invading pathogens; TLR4 seems to be a cellular sen- 
sor for acute renal damage that controls innate immunity and 
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tissue integrity. 67 Much more work remains to be done to define 
more clearly our understanding of how injury and repair are 
regulated under normal and pathologic conditions. 
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